HSW RI 0HFKDQLFDO (QJLQHHULQJ 8QLYHUVLW\ RI 6RXWKDPSWRQ Southampton, UK jwm@soton.ac.uk T. G. Bull 'HSW RI 0HFKDQLFDO (QJLQHHULQJ 8QLYHUVLW\ RI 6RXWKDPSWRQ Southampton, UK tb10g11@soton.ac.uk $EVWUDFW-The electrical contacts in metal-metal MEMS switches are normally PDGH IURP WKLQ ȝP metallic film, e.g. (Au). The low contact force in a MEMS device results in a small area for conduction; to increase the area, a composite contact material has been developed. Sputter coated Au, applied to vertically-aligned multi-walled carbon nanotubes, (Au-MWCNT composite), has been shown to increase contact area and extend switching lifetime by orders of magnitude. In this study the Au-MWCNT composite contact is paired with a Au coated hemisphere contact under a contact force of 150 μN, in an In-situ Contact Evolution (ICE) apparatus, to evaluate the durability of the contacts for two DC switching conditions; cold switching, at 4 V, 4 μA, (16 μW) and hot switching at 4 V, 50 mA (200mW). Under cold switching the contacts are shown to maintain a low stable resistance for 4 Billion cycles. The result leads to a re-evaluation of an established fine transfer model, used to predict switching life times.
I. INTRODUCTION
A micro-electro-mechanical system (MEMS) switch or relay normally uses metallic thin film conductors formed by microfabrication techniques. These devices are partially limited by the durability of the electrical contacts. They are expected to be used to transmit signals ranging from DC to the radio frequency (RF) range. In the RF application, power loss in the transmitted signal (insertion loss) is low due to the minimal on-state impedance of a metal-metal interface, while the mechanical opening mechanism provides an 'air gap' in the off-state, giving excellent signal attenuation and a large ratio in the off-to-on impedance (isolation) [1, 2] .
Whilst MEMS relays boast a number of advantages over PIN and FET devices, notably the high isolation, low onresistance and excellent frequency performance, one of the major disadvantages of MEMS relays is that the electric contacts are prone to failure [3, 4] . When a MEMS relay is disconnect from the signal to be switching, the condition is referred to as "cold switching". In this condition the electrical contacts are exposed to mechanical cycling only and lifetime may reach billions of cycles. Failure occurs sooner with the application of electrical loads (> 0.5 mA, > 1 V), referred to as "hot switching" [5] . A recent investigation using a full MEMS device, with RF hot switching a Au-CNT composite contact registered limited life-time of 1,000's of cycles, [6] , as an improvement over the metal-to-metal interface. There are limited studies comparing the DC and RF performance of MEMS devices; but in a micro relay study, a good performance with RF loads up to 37 W at frequencies up to 3 GHz, was noted, [7] .
Contact failure mechanisms at these low voltage (<12 V) and low current (<1 A) conditions, be can be classified as either; adhesion, where the contacts stick; or by an excessive increase in contact resistance, [5, 8] . Gold (Au) provides excellent conductive properties and protection against corrosion; however, these properties are offset by the relatively softness, vulnerability to wear, and self-adhesion [9, 10] . The use of harder metallic surfaces with higher melting points, such as Tungsten or Ruthenium can enhance contact wear resistance [3, 4] ; but have lower conductivity and thus a higher contact resistance.
A possible solution to the durability issue has been developed using a composite contact material, consisting of compliant sub-layer of vertically aligned multi-walled carbon nano-tubes (MWCNT) with a coating of Au, generally referred to as Au/MWCNT or simply Au/CNT (in this paper), shown in Fig.1 . This has been shown to provide both low contact resistance and enhanced tolerance for wear, [5, [11] [12] [13] [14] . Under "hot switching" with a DC power supply of 4 V and 10 mA, a MEMS test device was tested to 0.5 Billion operations without failure in [13] . The material is yet to be tested in a full MEMS device but a similar composite material using nonaligned nano-tubes has been investigated in a real device in [6] , where the benefits to the durability were not significant. This suggests that the alignment of the carbon nano-tubes is very important for the improved performance. Using the vertically aligned CNT structure the composite deforms, allowing the contacts to conform to each other, increasing the area available for conduction [12] .
$ 7KH )LQH 7UDQVIHU 0HFKDQLVP XQGHU '& FRQGLWRQV
Below the arcing-threshold voltage (~12 V) surface wear, defined in [14] as "fine transfer", is linked to a process of softening, melting and boiling of the metallic contact surface as the contact opens, referred to as molten metal bridge (MMB) phenomena, shown schematically in Fig.2 . The wear mechanism is described with reference to the ȥș relationship where ȥ is electric potential and ș the temperature in a conductor, [14] . The softening, melting and boiling voltages for Au are given as ~0.08, 0.43, and 0.88 V respectively. The wear process results in a preferential transfer between the opening contacts, when the molten bridge breaks. For the composite surface studied here the direction of fine transfer has been shown to be from the Au/CNT surface to the Au ball surface, irrespective of the circuit polarity. In addition to the fine transfer mechanism a delamination process has also been described, where small elements of the surface are torn from the coating, by an adhesion process, [15] . This was explored in [11] , where it was shown that the addition of a Cr adhesive layer on the metallic ball contact had a significant influence in reducing the delamination of the ball. It was observed in [15] that some opening transient voltages did not show the characteristic softening and melting voltages. These instant openings have been attributed to the delamination phenomena, where an asperity scale element of the surface film is removed and transferred to the ball contact. The delamination phenomena has been linked to a process where the MMB phenomena first thins the Au upper coating before the delamination occurs, and thus would be related to the current level. Higher currents would thin the upper surface more quickly, leading to a more rapid breakdown once the delamination starts, [14] .
% )LQH 7UDQVIHU 0RGHO
An increase in contact resistance, leading to a failure condition, during the fine transfer process [14] , was shown to occur when the Au upper surface of the Au/CNT composite had depleted to such an extent that the conduction path was no longer through the Au but through the CNT surface. The surface area of the depleted region was measured and from this, for a known value of the thickness of the Au layer, a maximum volume of material transferred was determined (9PD[). A model for the fine transfer process was then proposed, where for a given current loading (,) and for a known number of cycles to failure, (1 I );
where N, is determined experimentally for one condition and then applied for all other conditions. In [14] the conditions used for the definition of N, were, 4 V, 20 mA with a contact force of 1 mN. The contact material used was similar to that used in this work, (50 µm high CNT sputter coated with a 500 nm Au). In Eq. (1) it is assumed that the transfer of material is only driven by the DC power and therefore proportional to , .
In this paper the durability of the Au/CNT surface is explored further. To enable this and to provide a detailed study of the wear processes in MEMS contacts an In-situ Contact Evolution (ICE) apparatus is used, [15] . The system was used in [16] to conduct a preliminary study of the influence of the DC power on the wear of the Au/CNT surface. It was shown that an increase in the supply voltage used (from 4 to 8 V) increased the fine transfer process. This unexpected result suggests a further layer of complexity in the fine transfer mechanism described in Eq. (1).
There are two studies undertaken here, all under DC conditions with a fixed contact force of 150 µN. The first is a bench-mark test under "near" cold switching conditions, 4 V and 4 µA (16 µW) and the second a hot switching test, at 4 V and 50 mA (200 mW).
II. METHODOLOGY

$ ,QVLWX &RQWDFW (YROXWLRQ ,&( DSSDUDWXV
The ICE testing platform, [15, 16] , utilises a commercial metrology frame [17] for stability, integrating a 3D laser profiling system into the testing platform such that after a set number of cycles the contact surfaces can be separated and measured before returning the surfaces to the same switching position to allow the switching tests to continue. The positioning system provides on-axis repeatability of better than ± 50 nm in each axis. The system has been demonstrated on a flat Au coated Si substrate mated with a Au coated ball, (1mm radius), and shows the ability to measure wear after a single switching cycle under "cold switching" conditions, [16] .
To undertake this study in reasonable time limits, the samples need to be cycled at a high frequency. In [13] testing was conducted with a self actuated cantilever, cycling at 100 Hz; at this frequency the 0.5 Billion cycles were completed in 58 days. In this study switching is conducted at 1.1 kHz. Arriving at 0.5 Billion DC switching cycles in <5 days A piezoelectric actuator provides the force to operate the switching mechanism, and has been designed so that the actuator can operate a MEMS scale cantilever for indirect contact operation. In this investigation because of the high frequency testing (1.1 kHz) the ball contact is mounted directly on the tip of the actuator, therefore reducing the dependency on the dynamic response of a cantilever. A schematic of the system operation is shown in Fig. 3 , where the actuator switching is shown in (a), and in (b) the two lower X,Y stages, allow for the surface to be moved under the laser for the measurement of the contact surface (CS). 
% &RQWDFW 0DWHULDOV
The upper contact is a 2 mm diameter stainless steel ball, sputter coated with a 20 nm layer of Cr to enhance adhesion of the 500 nm Au layer, [11] . The lower (planar) contact surface is a Au/CNT composite, shown in Fig.1 . The contact is manufactured on a SiO 2 on Si substrate that is sputter coated with a layer of Al 2 O 3 followed by an Fe catalyst layer. Carbon nanotubes are grown in a thermal reactor to 50 µm height and sputter coated with a 500 nm Au layer, referred to as a 505 surface, [18] . The Au penetrates into the top of the nanotube forest resulting in a metal-matrix-composite material. The composite provides an upper layer with conductive properties and contact resistance properties close to that of an Au thinfilm coating. Carbon nanotubes provide a compliant sublayer allowing the composite to conform, increasing contact area, [19] . A (505) Au/CNT sample is used for both experimental conditions, with the point of contact moved and the upper ball contact changed between experiments.
& &RQWDFW )RUFH DQG 5HVLVWDQFH
Contact force measurement is not included in the ICE apparatus. The force is determined from a calibrated force, contact resistance relationship for the 505 material shown in Fig. 4 ; where the force is measured by a transducer (Model 9207, Kistler AG, Switzerland) integrated to a second apparatus previously described in [15] .
The ICE apparatus is mounted on anti-vibration table in a temperature controlled environment 22 ± 0.2 ºC. The contact resistance (CR) is measured using the 4-wire method, allowing the contacts to settle over a 30 second period. The initial contact resistance is EHORZ and the failure condition defined as occurring when the resistance increases significantly higher than 3 . Previous studies have shown WKDW DW IDLOXUH WKH &5 LQFUHDVHV WR D KLJK YDOXH ¶V RYHU D short duration of cycling, [13, 15] .
' ([SHULPHQWDO &RQGLWLRQV
Experiment 1). DC, Cold switching test.
To determine the cold switching performance of the 505 surface, the sample is tested at 1.1kHz, with a DC resistive load, 4 V, 4 µA. At this level the MMB bridge phenomena will be minimal and the sample expected to maintain a low resistance (CR) for Billions of switch cycles. The sample surface (CS) was measured at 0, cycles, and then every Billion cycles. With resistance (CR) measured at 100 Million cycles intervals. The contact force was maintained using a fixed displacement of the ball contact.
Experiment 2). DC, Hot switching test.
A new contact ball is used at a new Au/CNT surface location, on the same 505 sample. As the MMB transient voltage will be present in the test the switching frequency is dropped to 300Hz, so that the MMB process has time to complete. The load is DC resistive 4V, 50 mA, for bench marking with previous experiments under similar conditions, [13] .
In [13] , using a low force 30 µN MEMS actuated cantilever, the contacts failed under the same DC conditions at 28 Million cycles. In this experiment the initial force was set at 150 µN and adjusted after each CS measurement, such that the initial CR was maintained. This implies that the ball contact displacement increased and the force will correspondingly increase slightly with the number of cycles.
( 0HDVXUHPHQW RI 9ROXPHWULF :HDU
The measurement of the contact surface (CS) using the ICE apparatus is undertaken with 0.5 µm spatial and 10 nm height resolution, in the same metrology fame. This allows the subtraction of the CS surface before the test from the measured surface without the need to align data. The subtraction of the surface allows the form of the surface to be removed and the resulting surface is the difference and therefore the material removed. The data is processed using BEX, commercial software [17] , allowing the evaluation of the volume of material below a datum surface to be measured directly. This is an improvement over the methodology used in [14] , where only the area was measured, and the thickness of the film assumed. 
$ ([SHULPHQW %LOOLRQ F\OFHV '& FROG VZLWFKLQJ N+] DW '& 9 $
There are no MMB events measured in the transient voltage, sampled at 10 MHz. The full period of 1 cycle is 900 µsec. Fig 5, shows the CR result for the surface. The initial UHVLVWDQFH LV and this is shown to gradually increase with the number of cycles. The test programme was halted at 4 Billion switching cycles after 40 days without surface failure, as defined by an increase in CR DERYH Fig. 6 , shows the evolution of the contact surface (CS), where there is a gradual increase in the wear with switching cycles. The wear is apparent within the central region for all images, with an approximate 150 µm radius. At 4 Billion cycles the outer ring of the contact region is apparent. Fig. 7 , is the removal of volume from the surface with the number of cycles. As the Au layer depletes the CR increases as more of the current flow occurs through the CNT surface. Fig. 8 is a cross section of the data for 3 Billion cycles fitted with a 8 µm gaussian filter to remove the high spatial frequency surface components associated with the tops of the CNT, shows that the surface is degraded by a 5 µm removal of the upper surface at A, and this is consistence for the other areas of wear on the surface, as with previous observations of the Au/CNT surface, [7] .
% ([SHULPHQW '& KRW VZLWFKLQJ +] 9 P$
In this study the power switched is increased to 0.2 W, DC hot switching (4 V and 50 mA), compared to 16 µW, cold switching in Experiment 1. The surface evolution is shown in Fig 9 and the CR in Fig. 10 . The MMB events associated with hot switching lead to a more rapid degradation of the Au/CNT surface, when compared with experiment 1, Fig 6. The 140 Million cycles reached in this test exceeds previous testing at this current level (50mA), [13] , where an actuated MEMS cantilever was tested to failure at 28 million cycles.
In this comparative test, the key difference with the data in [13] is the contact force; 150 µN used here, compared to 35 µN in [13] . It is also noted that in [13] the contact surface was nominally a flat on flat, although due to alignment issues this was realised as a line contact. In this experiment we are using the more common ball on flat arrangement.
The volume change of the surface has been evaluated after fitting a 1mm radius reference surface to the deformed surface Fig. 9 at the end of the test, the volume removed is 0.154 (x10 -3 ) mm 3 . The deformation of the surface is evidenced in cross section after 10 Million cycles, where the central region is deformed by 8 µm, as shown for the CS after 10 Million cycles. This deformation of the surface was not apparent in the cold switching test (Fig. 6 ) in experiment 1, because the actuator displacement was fixed in the former and increased slightly in experiment 2. Fig 10 shows the onset of failure as the CR reached exceeds , an increase of more than x3 from the nominal at the start of the test. The contact resistance remains EHWZHHQ DQG IRU WKH GXUDWLRQ RI WKH WHVW XQWLO WKH onset of failure at 140 Million cycles. & 5HVXOWV VXPPDU\ Table 1 shows an overview of the experiment results and includes data from previous work, [13, 14] . There are 4 notes (a-d), as follows:
a) The contacts did not fail at 4 Billion cycles, the experiment was halted. The volume measured does not correspond to the fail condition. b) The contact force started at 150 µN, but increased slightly with the number of cycles. c) With the low force cantilever test the location of the contact spot on the Au/CNT surface could not be located. Data was presented in [13] for the cantilever surface only. d) The cycles to failure was published as 70 Million [14] , but this was extended in [11] , because there was significant contact bonce in the system, here averaged at 13 bounces per switching cycle. Each bounce corresponds to a new opening event. 
IV. DISCUSSION
The results in experiment 1, show a contact surface exceeding 4 Billion switching cycles under a nominal cold switching condition. It is important to note that at the conclusion RI WKH WHVW WKH &5 KDG QRW H[FHHGHG WKH the failure condition limit.
$ 7KH LQIOXHQFH RI WKH '& FXUUHQW
The strict definition of cold switching requires zero voltage and current, but in experiment 1, a DC load of 4 V and 4 µA was used. Using these values, with the same 9 PD[ value used to determine N in Eq (1), (note the surface used to define N was a 505 surface as used here), although the contact force used was 1 mN compared to the 150 µN, used here; as follows; N = 1.22 x10 -9 , and 9 PD[ = 4.44 x10 -4 mm 3 , (see Table 1 ).
A key issue with the existing theory for the fine transfer mechanism is that when the current level is 4 µA as used in experiment 1, the failure point is predicted to be at 22.8 x 10 6 Billion cycles. This massive increase in predicted lifetime is not apparent in the surfaces shown in Fig. 6 , where there is clear and measured evidence of wear processes. For the current range below 1 mA it is apparent that the fine transfer process described in Eq.1 should be re-evaluated.
The data shown in Fig. 5&6 , indicated that the surface has not failed at 4 Billion cycles, it is therefore necessary to estimate the failure point. For this discussion we shall assume failure, at 6.92 Billion cycles. This value is determined from the average transfer rate in Fig. 7 , for a reduced, 9 PD[ = 0.27 x10 -3 (mm 3 ) based on a reduced area for the lower contact force used in experiment 1.
Firstly, Eq.1 is based on an assumed , relationship, linked to the thermal behaviour of the MMB. This was assumed to be the driving factor in [14] , but the evidence here suggests this is not the case. Fig 11, from [13] , shows that for a similar surface over a range of higher current levels, the MMB duration is linear with the current (10-200 mA). If we now assume that during the MMB process the voltage (X) remains constant to a first approximation (the molten metal voltage). Then the energy (() associated with the MMB is a linear function of ,, as shown in Eq. (2);
where t 1 and t 2 are the start on end of the MMB period.
If we assume the rate of transfer of material in the MMB process is linked to the MMB energy in Eq.2, then it will be proportional to the , and not the , . This observation changes the value of N determined in Eq.(1), to N = 2.43 x 10 -11 . This change in Eq.1 results in a predicted 4550 Billion cycles to failure at 4 µA. This number of cycles remains much higher than the estimated 6.92 Billion. A further adjustment is required for low currents.
% 7KH LQIOXHQFH RI FRQWDFW IRUFH
The existing model (Eq.1) does not account for contact force on the assumption that the process was driven by the MMB, however it is apparent from the data shown in Fig.6 that in the cold switching condition, even with no apparent MMB, there is wear. It is proposed that the wear observed in Fig.6 is linked to asperity level adhesion linked linearly to the applied force; then to a first approximation, the existing model can be developed as the sum of the current relationship and the new force relationship, as;
where 9 PD[ is also a function of ), since the maximum area of Au removed from the Au/CNT surface is expected to reduce with the contact force. In this new relationship, N = is the newly defined value of 2.43 x 10 -11 and not linked to force. N = function of contact area and therefore force.
The model based on Eq. 3 is shown in Fig. 12 . In this model the maximum cycles to failure at a current below 500 µA is limited by the adhesion process to between 1 and 15 Billion cycles, linked to contact force; while above 500 µA, is linked primarily to the current level (,).
& 3UHGLFWLQJ F\FOHV WR IDLOXUH
The model is consistent with a previous study [13] , where with a MEMS cantilever with 30 µN force, a 50 mA experiment resulted in 28 Million cycles to failure; Eq (3) predicts 28.5 Million, on the assumption that the 9 PD[ is much reduced for the line contact in [13] . As noted in Table 1 , it was not possible to detect the wear on the Au/CNT surface after an detailed SEM study.
For experiment 2 presented in this study, the new fine transfer model predicts 214 Million cycles to failure, compared to the 140 Million cycles observed. The error could be accommodated by the increasing contact force after each CS measurement, noted in experiment 2. Fig. 11 . The MMB duration with applied current, [13] . 
' /LPLWDWLRQV RI WKH QHZ ILQH WUDQVIHU PRGHO
It is noted that the new fine transfer model Eq.(3) does not account for;
x the wear condition associated with delamination, evidenced at higher contact forces and current levels above 50 mA.
x variation in the opening velocity of the contacts. It is however considered that the later will only be a secondary influence, as all system will open with an acceleration profile from rest.
x variation in the properties of the surface. A key factor will be the thickness of the Au layer used, and the penetration in to the CNT surface.
x variation in the applied voltage, there is evidence in [15] , that increasing the voltage increased the fine transfer associated with the MMB. It has been noted that this result is unexpected and requires further investigation.
V. CONCLUSIONS
The Au/CNT surface investigated shows a stable contact resistance under near cold switching conditions for 4 Billion switching cycles. The surface has been measured in-situ, over the test and shows evidence of wear. This observation has resulted in a re-evaluation of a fine transfer model used to predict contact failure in MEMS switching contacts. A new fine transfer model is developed and linked to the DC current level and the contact force. The new fine transfer model has been tested against known results from other test conditions, [13, 14] and shows a good correlation.
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